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Abstract 
While Electric Vehicles (EVs) have received substantial investment from governments to support technological development and testing in real 
world conditions, uptakes levels have thus far been below expectations. This is widely acknowledged to be due to a range of concerns held by 
potential users including cost, range, reliability and availability for use. In this paper the role of through-life engineering in addressing these 
concerns will be discussed. The major components and subsystems used in EVs will be identified and their impact on the life span, operation 
and cost of EV ownership will be identified. Based upon this analysis recommendations will be made for future research and development 
aimed at improving the operational viability and life cycle cost. 
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1. Introduction 
Electric vehicles are increasingly seen as a means of 
reducing carbon emissions for transport operations. The first 
mass produced fully electric vehicle was the Nissan Leaf. The 
number of Leafs sold passed 50,000 on the 14th February 
2013 and the total mileage covered by Leafs has exceeded 161 
million miles (260 million km) [1]. The sales of battery 
electric vehicles such as the Leaf are exceeding those of the 
Toyota Prius, the first mass produced hybrid vehicle, at an 
equivalent stage of its market life [2]. Vehicle to Grid 
technology, allowing electric vehicles to act as a power 
source, is seen as a major selling point for electric vehicle 
technology. The use of vehicle batteries in this way means that 
during overnight charging the vehicles can be used as 
localized buffers to smooth the load on the power supply grid. 
The US Department of Defense is investing $20million to 
demonstrate the concept using a fleet of electric vehicles and it 
is believed that the use of the vehicles in this way will offset 
the increased purchase costs of electric vehicles [3]. A further 
advantage offered by battery electric vehicles is the removal 
of emissions from the point of operations, offering improved 
air quality in congested cities [2, 4].  
Despite the sales achieved, EV uptake has so far fallen 
short of expectations. The main reasons are related to 
perceptions of poor performance and range along with cost 
[5]. Furthermore negative media attention has supported 
negative perceptions, sometimes at the expense of facts [6-8]. 
If EVs are to be feasible for real-world operations then they 
must be seen to be compatible with everyday use and 
demonstrably offer [9]: 
 
x Drivability – optimisation research should be based upon 
realistic driving conditions rather than standard patterns. 
While standard patterns are extremely valuable for 
making like-for-like comparisons for purposes which 
include determining taxation levels, they are not, by 
nature, representative of many real-world usage 
situations. This has led to the development of a variety of 
systems to produce test cycles which more accurately 
represent real world use [10, 11].  
x Braking behaviour – regenerative braking means energy 
can be recovered while the vehicle decelerates but such 
systems should not compromise safety. Regenerative 
braking systems allow over half the energy which would 
otherwise be dissipated by friction brakes to be recaptured 
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and reused. Furthermore this regenerative behavior is 
often engaged without the brake pedal being depressed 
meaning electric vehicles behave differently under 
braking to conventional vehicles. The recaptured energy 
is typically used to recharge batteries and the amount of 
energy captured will depend on the nature of the route and 
the manner in which the vehicle is driven, which will in 
turn affect the degradation and life of the battery.  
x Practical design – previous research leaves many 
unresolved implementation issues related to auxiliary 
systems and ensuring ULCVs offer similar levels of 
functionality to the vehicles which users are familiar with. 
Such systems are easily added to ULCVs but often come 
at the expense of range.  
 
Cost is also a major issue for many potential users. While 
many fleets adopt a whole-life cost approach to vehicle 
selection, private users are often dissuaded from EV use since 
the cost profile is less favourable with greater expense 
involved in procuring the vehicle [12].  
2. Vehicle Technology 
The major electrical components in an electric drive train 
are Power Source(s),Control Systems and Motor(s)[13]. 
These components are found in both fully electric vehicles 
and the various configurations of hybrid vehicles where 
batteries are integrated with Internal Combustion Engines 
(ICEs). In addition to primary drivetrain systems described 
above there are also a number of ancillary systems. Many of 
these are similar or identical to those found in conventional 
vehicles. While this means they are mature technologies, the 
different operating conditions to which they are subjected in 
ULCVs means that reliability issues have, in some cases, 
developed. Such systems and issues include 
 
x Ancillary 12v system operating instrumentation, 
ancillaries and, in many cases Battery Management 
Systems (BMSs). Feedback from several EV users and 
from operators of large EV trials has indicated that the 
continuous power drain caused by BMS, thermal 
management systems, alarms and, potentially, telematic 
systems has been responsible for draining the 12V 
battery. This is a major issue since in many EVs it is 
impossible to activate the vehicles systems, or even 
unlock it, when 12V power is unavailable. Lack of 12V 
power also means important accessories such as 
warning/hazard lights and horns are not available. 12V 
lead acid batteries are utilised in this application as a 
legacy system since nearly all automotive components 
are designed to operate at 12V. The lead acid battery is 
used in ICE vehicles due to its ability to deliver high 
starting current needed to crank an ICE – a capability not 
required in an EV.  
x Hydraulic braking systems are also utilized in EVs 
alongside regenerative braking schemes. Such systems 
are present to provide additional braking capacity 
alongside regeneration but also to provide a backup since 
brakes are a safety critical technology. The degree to 
which hydraulic friction brakes are used depends, 
however, upon the driving style of the user [14, 15]. 
Some vehicle operators have reported excessive 
maintenance being required on friction brake components 
due to the use of highly efficient driving practices which 
result in the usage of friction brakes being extremely 
minimal leading to corrosion occurring to brake discs 
from the lack of use.  
 
The main components listed above are considered in 
further detail in the following subsections. 
2.1. Power sources 
A number of power sources have received attention in the 
context of ULCVs. Batteries have been the dominant 
technology for a variety of reasons including safety, 
technological maturity and price. However the specific 
energy, i.e. the energy storage capacity per unit weight, of 
batteries means they have become the dominant energy 
storage technology for ULCVs 
2.1.1. Batteries 
 
The energy density of lithium ion batteries currently used 
in electric vehicles is 100-180 Wh/kg and the cost of cells is 
of the order of $400/kWh, though complete battery systems 
incorporating battery management and charging systems will 
exceed this amount, potentially doubling the cost [16]. 
One of the major unknowns in battery technology is the 
lifespan over which the batteries will be able to operate in a 
vehicle setting. A figure of 80% of original capacity is widely 
used [13, 17] as the minimum level for ongoing automotive 
use after being proposed by the US Advanced Battery 
Consortium [18]. Estimates of the useful working life of 
lithium ion cells in EV traction batteries were initially around 
5 years. Recent reports suggest a figure of 10 years or more is 
possible with optimal thermal and operational management 
[16, 19]. 
2.1.2. Fuel cells 
 
Hydrogen fuel cells (FCs) are seen by many as a viable 
intermediate technology which will offer a range comparable 
with ICE based vehicles and zero emissions at the point of use 
similar to battery EVs. Several production FC vehicles are 
planned including a range planned by Suzuki in collaboration 
with UK FC company Intelligent Energy using mass produced 
fuel cells specifically designed for automotive applications 
[20]. FCs take in hydrogen and oxygen and produce electric 
current using an electrochemical reaction using a catalyst.  
Due to the lack of moving parts, FCs are generally reliable. 
There are, however, a number of potential failure and 
degradation modes for FCs which has led to the perception 
that their lifespan is too short to ensure viability in automotive 
applications [21]. 
The nature of the degradation modes in fuel cells means 
that allowing a system to run for an extended period of time 
under fault conditions can lead to permanent degradation or 
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reduction in efficiency. This means that condition monitoring 
and the development of appropriate maintenance strategies is 
likely to be a key enabler to the uptake of fuel cell technology, 
particularly in non-static applications [22].  
2.1.3. Supercapacitors 
 
Electric Double Layer Capacitors and Pseudocapacitors, 
together  more widely known as supercapacitors or 
ultracapacitors, have received much attention in recent years  
[23-27] due to their greatly enhanced energy storage 
capabilities compared to traditional capacitor structures and 
their ability to be charged and discharged rapidly with no 
significant degradation. 
The specific energy and cost of supercapacitors is currently 
not favourable for solely powering a vehicle, however their 
properties make them attractive for storing energy captured 
during regenerative braking. One such example is the hybrid 
power system used in the Optare range of hybrid buses where 
supercapacitors are used as an energy storage medium [23].  
2.1.4. Flywheel technology 
 
Flywheels have been subject to renewed attention in recent 
years due to developments involving low friction bearings and 
vacuum enclosures which mean flywheels can now store 
energy with a high level of efficiency and low losses over 
time. A recent application of flywheel based hybrid vehicle 
technology has been the Kinetic Energy Recovery System 
(KERS) system used in Formula 1 motorsport [28, 29]. 
Further examples exist of flywheel technology being applied 
to other ULCVs [29, 30] and rail applications for regenerative 
braking such as the Parry People Mover [31].    
2.2. Control Systems 
EVs require a variety of control systems in order to ensure 
they perform efficiently. Such systems include Battery 
Management Systems (BMS), Motor controllers, Power 
steering control and Charging control. Potential developments 
in EV ancillary systems supported by higher voltage powers 
supplies available in EVs, such as brake- and steering-by-
wire, may mean further components require control systems. 
The amount of code used in control systems varies in different 
estimates for different vehicles, it is estimated that modern 
premium automobiles run approximately 100 million lines of 
code [32] whereas it is estimated that the Chevrolet volt has 
10million lines of code running on 100 electronic controllers 
[33]. As system complexity increases for EVs quality 
assurance and management for this software and firmware 
will become an increasingly significant issue. The reliability 
of such control systems is generally high [34, 35].  
2.3. Motors 
All EVs (and Hybrids which utilise electricity to store 
power) use motors and associated control systems to deliver 
mechanical power, as well as to capture kinetic energy under 
regeneration conditions. Virtually all such vehicles utilise 
permanent magnet brushless DC motors. Unlike many other 
application areas, induction motors and synchronous AC 
machines have not been widely used. The reasons for may be 
related to the power density and efficiency of this type of 
machine. The lack of brushes in this design minimise the need 
for maintenance and helps maximise lifespan. While the 
application of these technologies to EV traction systems is 
relatively new, the technology itself is mature and little 
development is expected [36]. 
3. Vehicle Through-Life Management Strategy 
Effectively managing vehicles and their condition is an 
important activity for both fleet operators [37, 38] and private 
owners, although the approach and degree of formality with 
which this is done may vary. Ensuring that vehicles are 
correctly maintained is of importance for ensuring reliability 
and value are optimised. Furthermore safety is an extremely 
important factor [39-42] and in recent years there has been a 
focus on demonstrating the environmental performance of 
vehicles in terms of emissions [43, 44]. 
It is widely acknowledged in asset management circles that 
it is desirable or even necessary to monitor the performance of 
assets being managed using Key Performance Indicators 
(KPIs). While many general KPIs exist for monitoring assets 
in terms of their financial or operational performance, there is 
no widespread use of any KPIs which is specific to the 
performance of vehicle fleets. A number of such KPIs have 
however, been proposed [45-47] and the increase in 
automated monitoring of vehicles using telematic systems 
may lead to an upturn in the use of such metrics. 
One of the selling points typically cited for EVs is the 
reduction in the need for maintenance due to the greatly 
reduced number of moving parts. EV specific components 
such as batteries, controllers and motors generally low have 
low maintenance requirements. Overall maintenance costs are 
expected to be substantially lower although the amount of 
data available for EV operation is, so far, limited [36]. A 2012 
study carried out by the Institut für Automobilwirtschaft 
(IFA) indicated that EV maintenance and repair costs are 
likely to be around 35% below those for ICE based vehicles 
[48]. Furthermore the US Postal Service has found that 
maintenance costs for its electric vehicles were approximately 
54% of those for its conventional vehicles [48].  
Despite this potential saving, many ‘standard’ automotive 
maintenance activities are still required including: 
 
x Hydraulic brake systems.  Brake systems require routine 
checks of fluid levels and pad condition, leading to 
periodic brake pad replacement.  
x Maintaining tyre pressures is essential for efficient 
transfer of power as well as maintaining safety and ride 
quality [49-51]. 
 
Where EV systems do require maintenance specialist 
facilities are often required. Until uptake reaches a critical 
level there is likely to be insufficient availability of trained 
personnel and appropriate facilities meaning maintenance and 
repair costs are likely to be higher and facilities may not be 
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available locally. It should be noted, however, that examples 
exist of regionalization of conventional vehicle maintenance 
facilities since larger scale regional depots may offer more 
efficient servicing than smaller local facilities [52]. Fleet 
maintenance planning currently consists mainly of scheduled 
maintenance activities and reactive repair activities for 
failures. For large fleets or high value vehicles some examples 
of condition monitoring (CM) exist [50, 53-55]. Increasing 
use of sophisticated electronic control systems in vehicles is 
likely to support and increase in the use of CM techniques. 
Furthermore tools such as FMEA can also be used to improve 
reliability and costs [56]. 
Beyond maintenance several through-life management 
issues exist for ULCVs. The most pressing of these is 
managing the value of the vehicle through its life. The costs 
associated with EV operation vary in their distribution 
through the asset’s life from those associated with 
conventional vehicles. Electric vehicles are frequently cheaper 
to power per unit distance than conventional alternatives. 
Additionally, LCVs frequently attract reduced taxation and 
other financial incentives to improve uptake. 
These advantages are offset by increased purchase price, 
which has implications for finance costs where vehicles are 
leased. Furthermore insurance costs will be increased by the 
higher value of the vehicles. Uncertainty as to residual value, 
which is linked to remaining useful life, complicates 
comparisons where certain technologies are involved 
including batteries and hydrogen fuel cells. Finally, variations 
in inflation rates between different fuel types as well as 
insurance and maintenance prices add an additional level of 
complexity [12]. The rate at which an electric vehicle 
depreciates in value will be strongly influenced by the rate of 
degradation in battery capacity. The battery is the most 
significant component in terms of value of the vehicle since: 
 
x Its capacity determines the range of the vehicle and thus 
its usefulness and ability to fulfill its operational 
requirements. 
x It is likely to be subject to a degradation in its capabilities 
which is significant relative to its operational 
requirements 
x It is the highest value component present on the vehicle. 
 
For many commercial vehicles it is likely that the batteries 
will be outlived by the rest of the vehicle by a sufficient 
margin to make battery replacement attractive. As such the 
economics relating to battery replacement in terms of new 
battery cost and the remaining value of the removed battery is 
critical to the value of the vehicle. This is a significant 
departure from ICE vehicles where it is most often expected 
that the vehicle and the traction systems will remain together 
as a single asset throughout their life, although examples of 
engine replacements with more efficient systems do exist in 
certain vehicle e.g. buses [57-59]. Some electric commercial 
vehicle manufacturers who participated in the study assert that 
their battery management technology is sufficiently effective 
for the battery to outlive the vehicle leading to the possibility 
of installing a partially degraded battery with some remaining 
useful life in a new vehicle.  
The majority of EV applications provide state of charge 
(SoC) estimation which is critical for ensuring users are aware 
of the remaining range available. A variety of techniques are 
possible for measuring SoC are possible [60]. 
Monitoring the state of health (SoH) i.e. the percentage of 
the original capacity which remains, is more challenging. 
Indeed examples exist in the literature of batteries being 
discarded due to lack of knowledge of their capacity [61] and 
reports suggest a reluctance to adopt battery technology for 
similar reasons. No straightforward mechanism to measure 
battery health exists. Currently full assessment of battery 
health requires time consuming laboratory testing - no system 
exists which allows ‘plug-in’ assessment. A variety of tools 
for providing prognosis and RUL estimation are currently 
being researched but practical applications in EV technology 
do not appear to exist. 
Many fleet operators utilise telematic systems to monitor 
the operations of their vehicles. It is estimated that global fleet 
tracking system subscriptions will reach 30.4 million by 2016 
[62]. The capabilities of such systems range from tracking a 
vehicle’s position using GPS technology to systems which 
capture data regarding the operation, condition and 
performance of the vehicles systems. Systems are now 
appearing on the market which allow vehicle systems to be 
controlled remotely, allowing potential for short term repairs 
to be effected by maintenance personnel to allow a vehicle to 
complete its operations or reach depot. Telematic systems 
offer a number of benefits to vehicle operations including: 
 
x Monitoring the manner in which the vehicles are driven 
to identify personnel who require training to improve 
their efficiency or safety. 
x Collecting usage data for the vehicles 
x Providing information in the event of accidents to support 
legal/insurance investigations 
x Ensure that employees are not using vehicles for purposes 
for which they are not insured out of working hours.  
 
In terms of supporting maintenance operations, a variety of 
opportunities exist for utilising telematic data: 
 
x Monitoring the mileage covered by the vehicles to 
support the planning of scheduled maintenance. 
x Using ‘geo-fences’, i.e. defined geographical regions, to 
identify and monitor the amount of time vehicles spend in 
service centres or depots. 
x Collecting data on the condition of the vehicle from 
sensors and on board systems. 
4. Future Research Directions 
Based on the research carried out, the following have been 
identified as outcomes needed if EVs and other related 
ULCVs are to achieve successful uptake: 
 
x Streamlined Maintenance Management using 
Telematic Data. The reduced number of moving parts 
means that the maintenance activities required for EVs 
are greatly reduced. This reduction has the potential to 
264   Michael Knowles /  Procedia CIRP  11 ( 2013 )  260 – 265 
increase the inefficiencies inherent in scheduled 
maintenance as performed on conventional vehicles. This 
is a particular problem given the scarcity of EV support 
facilities. The application of condition based maintenance 
will reduce the demand on these facilities maximising 
their availability and reducing cost.  
x Improved management of vehicle economics including 
management of battery replacement. One of the most 
substantial barriers to EV uptake is uncertainty regarding 
the life expectancy of EV batteries. Furthermore the 
second hand value of batteries is currently not adequately 
understood. This uncertainty means that EV ownership is 
seen as high risk, which impacts upon leasing and other 
costs. Additionally the introduction of lightweight 
materials for producing vehicle chassis and body work is 
likely to change the economics of vehicle scrapping and 
recycling compared with the use of metals which are 
subject to corrosion.  
x Management of Battery lifecycle economics. As stated 
above, battery costs are seen by many as the most critical 
aspect of EV lifecycle costs. However the costs 
associated with battery use depend not only on their use 
and life in a vehicular application but on any second life 
use which they can be subjected to and on recycling cost 
at the end of their life.  
x Development of intrinsically reliable ancillary power 
systems. One of the major reliability issues for EVs has 
been the failure of the ancillary power systems meaning 
control systems fail to operate. This simple fault impacts 
on operator confidence in many instances.  Furthermore 
many ancillary systems present substantial power drains 
on limited power reserves reducing vehicle range. 
x Development of Reliable EV braking systems. Current 
EV braking systems utilise friction brake systems from 
equivalent sizes of ICE vehicles. Such systems are prone 
to extremely light use in certain usage patterns and as 
such are prone to accelerated degradation. 
5. Conclusions 
Despite poor initial uptake the future remains promising 
for low carbon vehicle technology, particularly around drive 
systems incorporating an electric component. While pure 
electric vehicles may take longer than initially expected to 
reach mass market uptake, it seems extremely likely that 
hybrid technologies using battery systems will increasingly 
become an attractive proposition. It is also likely that many 
fleet and niche users will continue to direct attention at fully 
electric and hybrid vehicles.  
If the opportunities for decarbonisation which these 
vehicles offer are to be fully exploited, it is critical that 
alongside the existing efforts to improve range and efficiency, 
lessons are learned from the use which has occurred so far. 
The reliability and longevity of the vehicles remain 
substantial barriers to ongoing uptake. This is an opportunity 
to further develop these technologies and to learn lessons 
from other industries which the automotive sector cannot 
afford to miss 
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